In this study, adsorption treatment of phenol pollutant using electrospun poly(3-hydroxybutyrate) [P(3HB)] and poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)] is highlighted for the first time. Both P(3HB) and P(3HB-co-3HHx) were extracted from bacterial cells and nanofibres were fabricated through electrospinning technique for the adsorption of phenol. The electrospun nanofibres were optimised after preliminary study of the electrospinning parameters (i.e. applying different voltages, polymer concentrations and mixed solvent ratios). The effects of adsorption under different variables such as contact of time, pH, initial concentration and temperature were studied. The raw polymers were characterised with gas chromatography (GC), gas permeation chromatography (GPC) while the electrospun fibres were investigated using thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and viewed under field emission scanning electron microscope (FESEM). P(3HB) had higher molecular weight as well as higher crystallinity and thermal stability than P(3HB-co-3HHx). The maximum phenol adsorption capacity of optimised nanofibre with weight of 0.14 g was 35.7 mg/g. The adsorption trend of the isotherm followed the Freundlich (R 2 ¼ 0.99) and adsorption kinetics of pseudo-second-order. The equilibrium contact time was 10 min with 99.8% of the phenol removed and attained 99.9% removal after optimal contact time of 270 min for all samples. This innocuous product has strong affinity towards organic pollutants and zero by-products were produced after the adsorption.
Introduction
The most studied pollutant compound for wastewater treatment is phenol and its derivatives because of its major presence in most processing and refining industries effluent. Phenolic compounds are found in crude petroleum and distillation of coal tar [1] . Phenol is toxic and persistent in the environment and is subjected to regulation in some countries as priority pollutants. For example, US Environmental Protection Agency (EPA) has classified phenol as priority pollutant while WHO stipulated that only <2 mg/L concentration of phenol can be entered into water resources from conventional water treatment plant. Moreover, chlorophenols (2,4,6-trichlorophenol) in drinking water are required to be set at <0.1 mg/L in order for it to be classified as safe [2] . Physicochemical, biological treatment, advanced oxidation processes (AOP, e.g. photocatalyst, Fenton & cavitation), ion-exchanges, emulsion liquid membrane and activated carbon techniques are commonly used to treat consistent organic contaminants like phenols from wastewater. Other techniques such as chemical oxidation, photochemical, ultrasound waves, electrochemical and hybrids methods from many of these treatments also are done to degrade the phenols. Yet, the method for chemical wastewater treatment is often challenging and energy demanding. Furthermore, its sensitivity effects towards the environments must be analysed and there is a need to take into consideration in meeting local regulation standard. For example, water for domestic use according to the US EPA local regulation standard must only contain maximum of 0.3 mg/L of phenol and 2.6 mg/L for fisheries while Japan only permits 5 mg/L of phenol in wastewater effluent which is quite different from the US EPA [3] .
When a molecule binds to a surface through the formation of chemical bonds, it is known as chemisorption [4] . The porous nanofibre mats of P(3HB) homopolymer and P(3HB-co-3HHx) copolymer was examined in the presented manuscript to clarify the effective adsorption at the removal of water contaminants. In this study, it is proposed that adsorption could be an effective solution for the treatment of phenol pollution. This highly contaminating petrol element has been used to compare the capabilities of two nanostructured adsorbents. The preparation of ultra-thin polyhydroxyalkanoate (PHA) via electrospinning was studied as a potential method for phenol adsorption. The introduction of flexible and relatively cheap nano-fabrication techniques will improve the market demand for P(3HB) derivatives. Moreover, the special inherent characteristics of PHA nanofibres such as eco-friendly, high biodegradability, hydrophobicity, viable processability, etc. will promote the production of PHA based filtration and adsorption systems.
Research and development of biodegradable polymer materials to adsorb pollutants have shown many useful applications in wastewater treatment. PHAs are 100% biodegradable polyesters produced from various HAs [5] . In this study, the natural phenol adsorption was achieved using hydrophobic interaction of PHAs namely P(3HB) and P(3HB-co-3HHx). Extracted PHA is hardly being used directly as adsorbent especially in its bulk form. Physical modification can be used to alter the surface properties [6] via electrospinning, whereby PHA can be tailored into a porous, high surface area matrix suitable for adsorption of organic molecules.
The use of PHA to adsorb phenol has not yet been studied. The only other pollutant that has been studied for adsorption using electrospun P(3HB) was done by Sridewi et al. to absorb malachite green dye pollutant. The study showed that 78% of 30 mM malachite green dye was decolourised and adsorbed. The study also discovered that the solvent-cast P(3HB) film eliminated nearly 24% of malachite green dye from aqueous solution [7] . This indicates that even with the application of simple fabricated cast P(3HB) films, the dye uptake value is promising. Furthermore, the methylene blue dye adsorption and its photocatalytic degradation using P(3HB)-TiO 2 cast films were also reported [8] . Activated carbons obtained from palm oil empty fruit bunches (EFB) has been utilised to get rid of phenol from aqueous solution with maximum adsorption capacity (Q max ) of 11.61 mg/g as reported by Alam et al. [9] . Meanwhile, Gawande et al. [10] investigated that the optimum photocatalytic activity and phenol degradation of Graphene@BiPO 4 composite at 5 wt.% of graphene under visible light is almost three times greater compared to the pure BiPO 4 . It was tested that 4-chlorophenol and bisphenol compounds were degraded by the use of surface-fluorinated and platinised TiO 2 catalyst generated hydrogen gas [11] . In this present work, we focussed on the development of ultra-thin PHA fibres using electrospinning to increase the surface area per volume ratio of the resultant film for phenol adsorption.
Experimental procedure

Materials
PHA sources
PHA granules amassed in the lyophilised bacterial cells were extracted by mixing with chloroform and were stirred for 5 days in the ratio of 1 g:100 mL. The agitated cells suspension were filtered using Whatman V R No. 1 filter paper to filter off the cell fragments and to collect the chloroform extract. The filtrate was then concentrated to 30 mL of volume using rotary evaporator Eyela N-1000 (Eyela, Japan). The concentrated polymer solution was precipitated by dropwise method until white precipitations were produced during addition of the solution into stirred chill methanol [12] . The precipitations were poured into glass petri dish and air-dried in the fume hood where the purified dried polymer was later collected. A few different sources of polymer were used, which are listed in Table 1 .
Chemicals
Chloroform was purchased from Fisher Scientific (Malaysia). Dimethylformamide and methanol were purchased from Merck Malaysia. Phenol solution of 99% purity was purchased from R&M Chemicals. The chemicals were used without further purification. 2.2. Fabrication of P(3HB) and P(3HB-co-3HHx) electrospun films P(3HB) and P(3HB-co-3HHx) (10 w/v %) precursor solution were prepared respectively by dissolving 5 g of the polymer in 50 mL of CHCl 3 /DMF mixed solvent at 8:2 ratio. The P(3HB) and P(3HB-co-3HHx) precursor solution percentage was prepared using formula 1 in Schott bottle:
The Schott bottle lid was then closed and sealed with paraffin film and aluminium foil to prevent evaporation and the bottle was left for stirring for 2 days. Then, it was heated at 55 C and stirred simultaneously for 2 h prior to electrospinning. The precursor solution was then cooled down and 1 mL of the solution was loaded into a glass syringe to be electrospun. The process was fulfilled using Esprayer ES-2000 (Fuence Co. Ltd., Japan) at 15, 18, 20, 25 and 30 kV. The solution used were prepared at different concentrations: 5, 10, 15 and 20 w/v % for P(3HB-co-24.8 mol% 3HHx) and 10, 15, 20 and 25 w/v % for P(3HB-co-14.7 mol% 3HHx) while 10% and 15% were used for P(3HB). The humidity in the spinning chamber was set between from 27% to 30% while the temperature was set from 24 C to 29 C. The precursor solutions were loaded into glass syringes with inner needle diameter of 0.5 mm. The distance was fixed at 20 cm between the collector and the needle tip. The electrospun fibres were deposited on a 5 cm diameter circular area by insulating the rest of the collection plate surface with a plastic sheet. About 5 mL of precursor solution was used in the electrospinning process to form a film. The resulting films were vacuum dried to remove residual solvent and were kept in the dark until further analyses. The optimised samples images are shown in Figure 1 .
Characterisation techniques
PHA content and composition in polymer samples were analysed by using Gas Chromatography (GC) SHIMADZU GC-2010 (Shimadzu, Japan). The molecular weight of the polymers used was determined by using Agilent Technologies 1200 series with SHODEX K-806M (Shodex, Japan) and SHODEX K-802 (Shodex, Japan) columns at 40 C. Chloroform was used as eluent with flow rate of 0.8 mL/min. Glass transition temperature (T g ) and crystalline melting point (T m ) of the nanofibres (50 mg) were determined using Pyris 1 DSC Differential Scanning Calorimeter, (PerkinElmer, USA) by sealing the samples into a round shape aluminium cylinder. The thickness of the electrospun nanofibres film was measured at the centre of the round shaped films by using Digimatic Micrometre (Mitutoyo, Japan). The thermal degradation of nanofibres and the decomposition temperature (T) at 5% weight loss were determined using STA 6000 Perkin Elmer. Ten milligrams of the sample was exposed to heating temperature of 50-900 C at heating rate of 10 C min À1 under nitrogen gas. SEM micrographs of the nanofibers were observed under 10,000 magnification using Leo Supra 50 VP Field Emission SEM at Electron Microscopy Unit, USM, Penang and FEI Quanta 400 F at Faculty of Engineering, Nottingham University, Semenyih. The samples were mounted on aluminium stumps, coated with gold for 15 s, and viewed at an acceleration voltage of 5 kV. Energy-dispersive X-ray (EDX) analysis was done using the Oxford Model via INCA 400 instruments with X-Max Detector. The tilt, elevation and azimuth degree of analysis was 0, 35 and 0 degree, respectively under the magnification of 5000 times. The accelerating voltage used was 20 kV with five times processing time. 
Removal of phenol via adsorption
Standard phenol aqueous solution (100 ppm, 10 mg/100 mL) was prepared at room temperature and used throughout the adsorption studies excluding for the effects of initial concentration of phenol test. Batch studies were conducted in 50 mL of predetermined initial concentrations of phenol in aqueous solution with a single sheet or electrospun P(3HB) nanofilm incubated in the dark for phenol adsorption studies. The suspensions were stirred at 100 rpm in 50 mL beaker at room temperature for a specified time and filtered using 0.45 mm (PTFE) membrane filters (Fisher Scientific) when necessary to prevent residues from affecting the spectrophotometer readings. Agitation speed of 0 (as control) and 100 rpm was chosen in the process of adsorption as it is influenced by mass transfer parameters and also to achieve equilibrium. The absorbance of initial phenol solution and after adsorption sample at specific time was determined using a Jenway 6505 UV-Vis spectrophotometer at 300 nm. The adsorption capacity of electrospun film was calculated from the change in phenol solution concentration before and after equilibrium sorption. The adsorption capacity at any time, q (mg/g) was calculated using the following mathematic formula:
Finally, the percentage of phenol removal was calculated using the following formula:
where Ci ¼ initial phenol concentration (ppm), Ct ¼ final phenol concentration at time t (ppm)
Effect of contact time on adsorption capacity
Different contact times at 10, 30, 60, 90, 120, 150, 180, 210, 240, 270, 300, 330 min were investigated. After equilibrium contact time was calculated, changes in phenol solution concentration before and after adsorption were analysed. A nanofibre sheet mixed with distilled water was prepared as a control experiment. From the data of contact time, kinetic models of pseudo-first order and pseudo-second order were generated to analyse the kinetics of phenol adsorption by the adsorbent. Lagergren kinetic equation has been most extensively exploited for the adsorption of adsorbate from an aqueous solution. The pseudo-first-order kinetic model of Lagergen is much applicable for lower concentrations of solute and its linear form equation is as follows:
where q t ¼ adsorption capacity at time t (mg/g), q e ¼ adsorption capacity at equilibrium (mg/g), k 1 ¼ rate constant of pseudo-first-order-model The values of k 1 and q e were calculated from the plot of log (q eq t ) versus t. The acquired linear line yields k 1 as the gradient and lnq e functions as the intercept. Meanwhile, pseudo-second-order kinetic model based on adsorption capacity was constructed based on the following formula:
where q t ¼ adsorption capacity at time t (mg/g), q e ¼ adsorption capacity at equilibrium (mg/g), k 2 ¼ rate constant of pseudo-second-order-model and t ¼ time (min)
Effect of temperature on adsorption capacity
The electrospun nanofibre was added to 50 mL of 100 ppm phenol/water mixture in a beaker at an equilibrium contact time, constant light condition and pH. Then it was stirred at 100 rpm at various temperatures: 25, 30, 40, 50 and 60 C.
Effect of pH on adsorption capacity
The electrospun nanofibre was added to 50 mL of 100 ppm phenol/water mixture at a constant light condition, temperature and at different pH: 2, 4, 6, 8 and 10. It was stirred at 100 rpm at room temperature at 25 C for an equilibrium contact time.
Effect of initial phenol concentration on adsorption capacity
The electrospun nanofibre was added to various initial concentrations (25, 50, 100, 150, 200 and 300 mg/L) in 50 mL phenol/water mixture at a constant temperature and at its original pH and stirred at 100 rpm at room temperature (25 C) for an equilibrium contact time. Langmuir (Equation (6)) and Freundlich (Equation (7)) isotherm models were generated to provide reasonable fittings for this sorption data.
In order to construct a reasonable fitting for the sorption data, Langmuir and Freundlich isotherm values were calculated using these two calculation methods:
Langmuir isotherm calculation:
where q e ¼ adsorption capacity at equilibrium (mg/g), q s ¼ maximum amount of phenol per unit weight of electrospun nanofibres to form a complete monolayer coverage on the surface bound at high equilibrium dye concentration (mg/g), C e ¼ equilibrium phenol concentration (mg/L), K ads ¼ Langmuir adsorption constant related to the affinity of binding sites. Freundlich isotherm calculation:
where
Results and discussion
Preliminary studies to determine optimum electrospinning parameters
Preliminary electrospinning studies were done to determine whether the nanofibre can be peeled off and have smooth homogenous texture and surface. The optimum electrospinning parameters were selected based on the presence of homogeneous nanofibrous network when viewed under FESEM in order to achieve high surface area for maximum phenol adsorption. Figures 2-5 shows the difference of morphological structures on the fibres. From the observation, the viable electrospun films had been produced under the parameters of 25 kV and at extrusion rate of 40 mL/min and the polymer solution volume was 5 mL with 20 cm distance between collector plate and needle tip. Applied voltage of 25 kV, 40 mL/min of intrusion rate and 10% of polymer solution had been selected to further fabricate the fibres for characterisation analysis and adsorption studies. A previous study showed that the increasing applied voltage from 10 to 30 kV has caused the P(3HB) fibre to coalesce. This paper also reported the average fibre diameters were found to be decreased from 1.59 to 1.17 lm when the applied voltage is increased [7] . Another recent study by Kuntzler et al. [16] and Morais et al. [17] , the optimum conditions of their experiment was processed at 15 kV electric potential, and 0.45 mm diameter of the extrusion capillary. Reduced nanofibre diameter was caused by the superior conductivity of the solution. The higher its charge capacity, the stronger the stretching forces [18] [19] [20] . Spindle-like bead defects can be seen when lower voltage was used. This is due to the generation of the electrostatic repulsive force by the applied voltage that stretched out the solution jet, hence increased the evaporation rate, forming individual non-coalesce, thin and ultra-fine fibres which intensify the surface area. At the highest voltage of 30 kV, ridges and surface undulations were formed on the electrospun fibres due to fast extrusion and caused incomplete splaying of the jet, forming heterogeneous fibres which have lack of uniformity. This morphology observation has also been reported in other study [21] . From these results, 25 kV was chosen as the optimum applied voltage for further fabrication of electrospun films as the fibres produced had less coalescence.
Effect of solution concentration on the fabrication of PHA electrospun film
It was determined that 40 lL/min of solution extrusion rate and 25 kV of voltage as the optimised parameter for further electrospinning process to fabricate homogenous individual strands. Electrospinning of PHA with different polymer solutions concentrations was tested. The PHA concentrations were set at 5, 10, 15 and 20 wt.% for P(3HB-co-24.8 mol% 3HHx), at 10, 15, 20 and 25 wt.% for P(3HB-co-14.7 mol% 3HHx) and only 10% and 15% for P(3HB) to test their homogeneity in order to improve fabrication technique. It was found that as concentration increased, the viscosity was also increased, thus making it difficult to be extruded through the capillary needle. Concentration of 15 wt.% and above cannot be used as dogging of the spinneret tip occurred and the solution cannot be pushed through the syringe needle. Low concentration of polymer at 5 wt.% was discovered to be incapable of producing perfect individual fibre as the solution was runny and tend to produce droplets. It was found that with less concentration, less entanglement of molecules happened, thus causing polymer jets to break into droplets rather than forming continuous jets. With the increase of concentration, some samples showed better fibre formation and homogenous pattern. It can be seen that 10 wt.% produced homogenous surface morphology and thus it was chosen as suitable parameter to further fabricate the nanofibres.
Electrospinning of polymer solutions with concentration higher than 10 wt.% was prohibited by their high viscosity as the solutions cannot be forced through the syringe needle, which can cause the flow rate to the tip to become uncontrolled, with messy and uneven spraying and having tendencies to form droplets. This parameter has also been tested in other study [22] where at high concentration, the ability of the flow rate to be maintained and controlled by the processing parameter is difficult due to the cohesive nature of high viscosity fluid. High cohesiveness was caused by high viscosity of solution which resulted in instability of the fibre extrusion flow. Low viscosity will produce a lot of droplets while higher concentration was reported to form a bigger fibre diameter [23] . From this study, polymer solution with concentration lower than 10 wt.% tends to form heterogeneous fibre, undulating morphology with a lot of fibre size variations and huge amount of overlapped fibre bundles or junctions. With these findings, it showed that combination parameters of 25 kV of voltage with 40 lL/min of solution extrusion rate and 10 w/v % of solution concentration give the best fibre morphology. These parameters were then used in the next step due to the fact that the nanofibres formed with these parameters have homogenous fibrous networks and much higher even fibre diameter.
Effect of solvent ratio on the fabrication of PHA electrospun film
The effects of (CHCl 3 :DMF) solvent ratio was tested by varying the mixed solvent ratio at 6:4, 7:3 and 8:2. These variations were conducted to study the viscosity and balance of up charges and electrostatic interaction of the concentration of samples from PO and CPKO for optimum fabrication process. It was found that the ratio of CHCl 3 :DMF of 8:2 produced homogenous nanofibres while other solvent ratios showed mostly flat surface and low quantity of homogenous fibrous network when viewed under FESEM. Thus, 8:2 ratio was selected for CHCl 3 :DMF mixing volume. Further fabrication test using this ratio for commercial and pure P(3HB) and its copolymer sample has proven the presence of fibrous network with low amount of overlapped strands and less occurrence of coalesce. These results showed the same outcome as when Sridewi et al. used optimised ratio of CHCl3:DMF of 4:1 to eectrospin P(3HB) nanofibres [7] . When the mixed solvent was at 6:4 ratio, inadequate volume of CHCl 3 caused insufficient polymer chain entanglement within the polymer solution. This happened due to the occurrence of Rayleigh instability as the spray jet broke down into droplets thus creating beads [24] . As CHCl 3 was increased, the degree of coalescence between fibre beads was reduced. Individual fibre formation is achieved with high concentration of solvent as sufficient chain entanglement overcome electrically driven jet and allows further jet elongation by electrostatic stress.
Suitable co-solvent helps to improve the electrical drive of the polymer-solvent system [25] which in turn minimises its dependency towards high single solvent concentration. The integration of DMF helps to improve cohesion force of P(3HB) polymer chains. It also increases dielectric constant through increases electrical charges within the liquid so that the net charge density can be higher [25] to upgrade stretching force to form homogenous fibres. The use of DMF eliminates bead defects. Certain agglomerates were seen entrapped in the porous beads due to the effect of phase separation. In order to form smooth and prolong stretching time, DMF was used which has higher boiling point than CHCl 3 and can act to lower the evaporation rate of CHCl 3 which is very volatile [25] . Even though the evaporation rate of the solution was reduced, at the ratios of 6:4, the solvents caused intense charge repulsion of particles and ions and causing it to scattered to form many aggregates which tend to fuse the fibre. At 7:3 ratios, inhomogeneous fibre distribution was also seen, as the imbalance amount of DMF electrolytic solvent with CHCl 3 has randomly dissociated the positive and negative charged ions in the polymer solution [26] . However, at 8:2 ratios, homogenous fibres formation and even distribution was seen in the morphological features. This result is similar to that reported by Sudesh [12] . As a result, the average nanofibre diameter obtained in this study is 252 nm. The hydroxyalkanoic acids of the PHA copolymer are hydrolysed to the methyl esters [27] to be analysed by GC which separate the composition and content of PHA. Theoretically and based on previous research, CPKO produced higher PHA content than any other oil palm products as it has higher saturated fatty acids content. GC result from this study showed similar outcome as CPKO substrate produced 54.75 w/v % of PHA content compared to PO which only gave 38.67 w/v % PHA content. This shows that the copolymer compositions vary depending on the carbon substrates supplied in the feed [14] . P(3HB) sample recovered from mice faecal pellets had been chosen for further fabrication as the electrospinnability of the films were favourable than its counterpart which is commercially available P(3HB).
Physicomechanical characteristics
A study by Mifune et al. [28] reported CPKO as substrate in PHA production showed high molar fractions of 3HHx, which was 56 mol %. The high content of lauric acid (C12) in CPKO which was 50% of total fatty acids had influenced the results obtained. This result is similar to previous studies where the short-chain length fatty acids (C4-C7) were highly favourable for the accumulation of higher 3HHx monomer [28] . It was reported by Chee et al. [29] that better cell growth and better production of P(3HB) was due to the presence of high concentrations of lauric acid and myristic acid in CPKO as Burkholderia sp. USM (JCM15050) produced high amount of P(3HB) with cell dry weight of 69 and 38 w/v %, respectively were produced at concentrations of 0.5% (w/v). In contrast, caproic acid (C6), caprylic acid (C8) and capric acid (C10) have no effect on cell growth. Even though Oleic acid (C18:1) which is an unsaturated fatty acid can produce P(3HB) of 48 w/v %, it provides negative effect on the cell biomass. Saturated stearic acid (C18:0) produced less than 1 w/v % P(3HB) [28] . The effect of growth of C. necator on oleic acid and linoleic acid was also proven in previous studies. These two fatty acids are mainly rich in CPKO. Figure 6 shows that the maximum weight-average molecular weight (M w ) obtained (590 Â 10 3 Da) was from a commercial copolymer (Kaneka) which contained 8.4 mol% 3HHx monomer. The polydispersities (M w /M n ) of the PHA homopolymer and copolymers investigated were within the area of 1.20-2.44. The number-average molecular weights (M n ) were in the range of 4.28-288 Â 10 3 while the weight-average molecular weights (M w ) were in the range of 5.35-590 Â 10 3 . The commercial P(3HB) from Sigma-Aldrich has the lowest molecular weight and was found to be difficult to be dissolved in solvent and hence was not used for further electrospinning studies. The low molecular mass observed was due to the PHA synthase high expression level, which involves both soluble and granule bound PHA synthases. Meanwhile, P(3HB) recovered from mice faecal pellets had higher molecular weight than the commercial P(3HB) Sigma-Aldrich. It also showed higher electrospinnability, thus, it was further used for fabrication of nanofibres in adsorption studies.
Molecular weight GPC analysis in
Thermal analysis
Differential scanning calorimetry (DSC) analysis showed that the melting temperature (T m ) of SCL-MCL polymer films decreased from 164.81 C to 135.76 C for the nanofibres and the enthalpy of fusion (DH m ) decreased from 71.50 to 0.09 Jg À1 and 71.78-30.48 Jg À1 while the monomer compositions increased with the addition of 3HHx. The observed high heat fusion especially for P(3HB-co-3HHx) was due to the existence of long-chain monomer fraction which favoured side-chain crystallisation. This indicates that with the increase of 3HHx fraction, the crystallinity of nanofibres is also decreased. Despite all the 3HHx monomer content, the thermal degradation temperatures (T m ) of the copolymers persisted nearly unfluctuating at 274-284 C at Figure  7 , P(3HB-co-3HHx) is much volatile as it thermal stability is inferior in contrast with P(3HB) as the overall T lowered compared to P(3HB). This is akin with previous studies results that showed the degradation T values rise with growing carbon number of the side chain for all the common copolymers, excluding P(3HB-co-3HHx). It was confirmed from the data recorded by other studies [30, 31] that the highest degradation of polymers was in copolymers rather than homopolymers. P(3HB) recovered from mice pellet and P(3HB-co-11.8 mol% 3HHx) has greater melting temperature and enthalpy fusion than from the sample of the same type. The melting temperature and enthalpy of the nanofibrous material displayed slightly higher value. The temperatures at 5% weight loss (T d ) of the polymers were in the range of 236-280 C with the first derivative peak temperature (T p ) from 330 to 789.03 C obtained by using TGA analysis (Figure 8 ). The pinnacles of the first derivative demonstrate the point of most striking rate of progress on the weight reduction curve. Table 2 shows the compilation of characterisation results.
In comparison with P(3HB), PHA copolymers consisting of 3HB, 3HHx and other monomers are much flexible and have higher intensity of elongation to break. They have enhanced mechanical properties and process ability compared to P(3HB). It was also discovered that the copolymerisation of 3HB and 3HHx with extended alkyl side chain prevents isodimorphism as these monomers are incompatible into their respective crystalline lattices, hence causing the decreased in crystallinity. However, the elongation to break increased up to 85%. This type of PHA is used as film as the amounts of fused monomer units within it determine its physical and mechanical properties from hard, crystalline polymer to elastomeric rubber [27] . P(3HB-co-3HHx) is a blended chain of scl and mcl-PHA which is intriguing as even with a small addition of 3HHx units (5 mol%) into the 3HB, it will reduce the melting point from 180 C to less than 155 C, in this manner essentially enhancing its thermal capacity and physical properties [29] . This idea was also agreed by [28] and [27] as the decreased melting point below decomposition temperature has shown to have better mechanical properties and biocompatibility than homopolymer and scl-PHA. Apparently, P(3HB-co-3HHx) is less porous and much smoother compared to P(3HB) [32] P(3HB)/3HHx blend and is suitable to be used for mouse fibroblast cell line L929 growth medium with 216 times effectiveness [33] . 
Adsorption studies
Effect of contact time result on the adsorption of PHA polymer films
The effect of contact time on the adsorption of phenol onto electrospun nanofibre for a constant initial phenol concentration, (100 ppm) is as shown as in Figure 9 . The image of before and after the 270 min adsorption are shown as in Figure 10 , which exhibited clear colour changes after the experiment completed.
It is worth to note in Figure 9 that the phenol adsorption is exceptionally proficient and rapid for the initial 10 min until the point that 150 min while it advance at a slower rate lastly achieves saturation point after 270 min where the amount of phenol adsorbed is almost constant for all samples. At this stage, the amount of adsorbed phenol achieved a dynamic equilibrium state with the amount of phenol in the solution. The phenol uptake process appeared to be rapid in less than 10 min and nearly 99.8% of total phenol uptake appeared within each contact time is adsorbed within that duration. Then, the adsorption increased from 99.8% starting at 180 min until 270 min to 99.9% after that period. The adsorption mechanism of phenol may be diminished as results of hydrogen bonding and van der Waals force. Physisorption occurred when the binding of adsorbate molecules to the surface worked through weak interactions of Van der Waals. The period required to reach the equilibrium state is termed as equilibrium time. The amount of adsorbed phenol at the equilibrium time demonstrated the greatest phenol adsorption under test conditions. The take-up of phenol onto the adsorbent is quick at starting stage and turned out to be slower towards the end. This is a result of countless surface sites or adsorption surface sites were accessible for adsorption amid the underlying stage, and after a specific timeframe, the staying empty surface destinations were hard to be possessed because of the repulsive forces between the solute particles on the strong and mass stages. The outcomes demonstrated that there are no variations in the adsorption limit following 270 min, along these lines 270 min is considered as the settled time for the adsorption process or known as retention time. Thus, P(3HB-co-8.4 mol% 3HHx) electrospun nanocomposite fibre is the optimum product to be used in the next kinetic adsorption calculations to determine maximum adsorption capacity. The equilibrium time for phenol to be adsorbed onto the adsorbent is found to be at 10 min contact time. These data are essential, as equilibrium time is one of the vital parameters for aggregate and sparing wastewater remediation system. The rate of phenol adsorption was remarkably high so that maximum uptake is sequestered from the aqueous solution. Characteristically, up to 99.8% of the adsorption takes place within the first 10 min of contact time. From Figure 11 , it shows that among all the samples tested, the commercial P(3HB-co-8.4 mol% 3HHx) has the highest noteworthy adsorption percentage. Figure 12 , the nanofibre proved that the pseudosecond order is the isotherm kinetics of phenol adsorption and exhibited the highest degradation rate. Table 3 is the result of pseudo-first and second kinetic order where the correlation coefficient was almost equal to 1 in pseudo-second-order plot compared to first-order plot.
Adsorption kinetics. Based on
Effect of temperature
As shown in Figure 13 , electrospun nanofibre P(3HB-co-24.8 mol% 3HHx) has the utmost adsorption percentage with the increment of temperature. All samples adsorption percentage increased as the temperature increased. However, the nanofibres are not completely melted in the highest temperature set as their thermal degradation is higher than 60 C. Thus, it is concluded that increment in temperature resulted in increased overall rate of adsorption.
Effect of different pH on phenol adsorption
In this study, original pH of phenol/water mixture is measured to be pH 4.0 (acid). With the pH variations and alterations, the adsorption rate was observed to be also varied. The phenol adsorption percentage versus different pH plot is constructed as shown in Figure 14 . When phenol is in the water, it becomes a very weak acid. Phenoxide ion is formed as it stabilised and the negative charge on the oxygen atom is delocalised neighbouring the loop as shown in Figure 15 .
In another case, when phenol is attached to hydrocarbon, it can become very weak acid due to -OH group and a hydrogen particle can interfere with the bond from the -OH gathering and exchange to a base [34] . From Figure 14 , phenol adsorption was observed to be efficient at acidic pH from 3 to 5. Commercial Kaneka P(3HB-co-8.4 mol% 3HHx) has the most elevated adsorption rate among all samples particularly at pH 4.0, followed by P(3HB-co-24.8 mol% 3HHx), P(3HB-co-14.7 mol% 3HHx) and P(3HB). At pH range of 3-5, phenol molecules are seeped into the adsorbent due to the associative characteristic of phenols which thereby increase adsorption.
At pH 6 and higher, the adsorption rate slowly declined till pH 10. Phenolates intermediates may have repulsed far from the impetus surface restricting adsorption of contaminant molecules at this pH. At pH 10, benzyl ring phenol becomes bulky and turned into hydrophobic. Thus, there is no electrostatic association between the layers of hydroxides present in the layers of the composite which likewise has a feeble proclivity for the phenolate anion. The presence of water as an oxidant and electron acceptor to the adsorption has expanded phenol elimination to 99.2%.
Effect of initial concentration on phenol adsorption
As appeared in Figure 16 , at low concentration, near total phenol molecules were adsorbed rapidly onto the nanofibre surface areas. Further increments in the underlying phenol concentration prompted abrupt saturation of adsorbent surface active sites where the adsorption proceeds to decline slowly starting at 100 ppm until 300 ppm of phenol concentration. It is noted that adsorption at various phenol fixations was quick at the underlying stages and continuously diminished with the advancement of adsorption until the point when equilibrium was achieved. At the point when the adsorption achieved the saturation point, there were no extra phenols could be taken up by the nanofibre surface sites, thus adsorption process subsided and gradually stops due to the repulsion between molecules of the solute that already binding with the sites and molecules of the solute that still remains within the solute [35] .
Both Langmuir and Freundlich isotherm models results reflect the presence of more than one kind of adsorbent-adsorbate surface interaction [36] . Based on the result obtained in Figure 17 and Table 4 , Freundlich model showed a higher correlation coefficient of R 2 than Langmuir model. The correlation coefficients, R 2 of both isotherm models were compared to determine which one is the most applicable model to represent the adsorption data. Correlation coefficient of Freundlich model is 0.99 which explain the applicability of Freundlich model to the adsorption of phenol onto the nanofibres. Thus, Freundlich model is reasonable fittings for the adsorption data. The maximum adsorption capacity, q s of the electrospun nanofibre for phenol using Freundlich model is found to be 59.047 mg/g. Thus, it was concluded that the biosorption process of phenol by electrospun nanofibres is heterogenous layer formation biosorption.
The value K f of Freudlich isotherm indicates the ease of separation phenol ions from aqueous solution as mentioned by [37] where in this study is quite high. This shows that the removal of phenol is easy and efficient. 1/n gives a sign of the feasibility of biosorption and the values of n f > 1 speak to positive biosorption condition. In this investigation, n values were observed to be 1.639 and which shows that the adsorption power is positive over the whole scope of fixation considered. In general, the consequence of adsorption isotherm examination demonstrates that the adsorption of phenol onto the nanofibres display both Langmuir and Freundlich isotherm show trademark which mirroring the imminence of in excess of one sort of adsorbent-adsorbate surface collaboration. One of the vital properties of the electrospun nanofibre is the adsorption limit, which is straightforwardly influenced by the surface area. The two states of the adsorption isotherm of Langmuir and Freundlich delineated that subjective data on the adsorption capacity and also the degree of surface area accessible to the adsorbate. The availability of bigger surface area improves adsorption capacity of phenol uptake onto the nanofibre surfaces [38] .
Conclusion
The P(3HB-co-3HHx) and P(3HB) electrospun nanofibres are able to adsorb organic molecules of phenol. The optimised electrospinning parameters are 25 kV of applied voltage, with extrusion rate of 40 mL/min and 10 w/v% of P(3HB-co-3HHx) electrospun precursor solutions that were prepared using a mixed solvent system of chloroform and dimethylformamide at a ratio of 8:2. The optimised nanofibre (average fibre diameter ¼ 252 nm) is able to achieve 99.9% phenol removal and maximum adsorption capacity of 59.047 mg/ g. The maximum adsorption capacity reached at pH 4, at the temperature of 60 C, 100 rpm and reached equilibrium time of 10 min and showed a good agreement with Freundlich isotherm model (R 2 ¼ 0.99). The nanofibre also illustrated pseudo-second order as the isotherm kinetics of phenol adsorption. In summary, P(3HB-co-3HHx) and P(3HB) based nanofibres exhibit good adsorption potential for phenol. These environmental friendly polymers are also produced from renewable sources which can bring down the production cost. More research on the improvement of the nanostructure of the polymers for phenol adsorption is needed to achieve greater maximum adsorption capacity.
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